The paper presents new knowledge and experience from numerical modelling of macrosegregation in heavy steel ingot using ProCAST software. The main aim of numerical modelling realized under the conditions of the Department of Metallurgy and Foundry and Regional Materials Science and Technology Centre at VSB-TU Ostrava is the optimization of the production of heavy steel ingots produced in VÍTKOVICE HEAVY MACHINERY a.s. Input parameters of computation were determined by the real conditions of parallel experimental casting of a 90-ton steel ingot. The input data were also verified by thermal analysis and thermography measurement. The numerical results of macrosegregation were compared with the chemical analysis evaluated in a real ingot section. According to the comparison, attention will be focused next on determination of the effect of boundary conditions of filling and solidification of the ingot on the size of macrosegregation.
Introduction
VÍTKOVICE HEAVY MACHINERY a.s. (VHM) is a traditional producer of large machinery components. The typical products of this company are crankshafts, propeller and connecting shafts, rotor shafts for wind power plants, forged parts for the container of pressurizers, steam generators, heat exchangers and collectors for both conventional and nuclear power engineering. For these products it is necessary to cast ingots weighing up to 200 tons. Typically steel grades for these products are structural carbon-manganese, low alloyed; middle alloyed and tool steels [1] . The main precondition of the competitiveness of any steel plant is production of a consistently high quality [2] . However, despite significant advances in technology of the production of steel ingots, we can find defects in the final forgings that may be caused due to the non-uniform cast microstructure of an ingot, as well as the macrostructure, which is the result of plastic deformation during the subsequent process of the forming. One of the ways to monitor and optimize the production steps from the casting up to the process of forming is the use of methods of numerical modelling [3] .
The main aim of numerical modelling in ProCAST software realized under the conditions of the Department of Metallurgy and Foundry (DMF) and Regional Materials Science and Technology Centre (RMSTC) at VSB-TU Ostrava is the optimization of the production of heavy steel ingots produced in VHM, especially focused on minimization of macrosegregation. Based on available literature [e.g. [4] [5] [6] [7] [8] [9] [10] [11] [12] , it was confirmed that the macrosegregation is a function of chemical composition of the steel, of the time and course of solidification. This means that in order to minimize the extent of the segregation, it is not sufficient to change only the geometry of the mould, but it is also necessary to optimize the regime of the casting and primarily the control of solidification [13] .
Numerical modelling
The attention of numerical modelling was/is focused on verification of macrosegregation in a 90-ton steel ingot using numerical modelling in the ProCAST simulation software. The conditions of the setting of the numerical model were based on the real conditions of the experimentally parallel cast 90-ton steel ingot produced in VHM.
As was published in [3, 14, 15] , the numerical solution of each task is divided into three stages: pre-processing, processing and post-processing.
Pre-processing
Pre-processing included the geometry modelling and the computational mesh generation process, and definition of calculation.
Geometry modelling and mesh generation
The large ingots are specific in terms of simulation. Shapes are usually simple, but one must keep in mind the great size of casting and adapt the quality of mesh and definition of simulation.
The first question is to use or not to use symmetry. The geometry usually allows a user to use one or two symmetry planes. For the simulation of filling it is recommended to use the whole geometry. The one reason is that the inlet of metal must be set up in contact with symmetry plane and symmetry plane slightly influences way of ingot filling. The second reason is that the field of velocity vectors is not complete in horizontal cut. For better observation of the metal's behaviour during the mould filling one should use the whole ingot geometry [16] .
The whole 3D ingot geometry was created in the CAD system SolidWorks. The comparison of the real and CAD geometry of the casting system is shown in Fig. 1 [14] . Fig. 1 . Comparison of the real and CAD geometry of the casting system of a 90-ton ingot [15] The computational mesh was generated in Visual-Mesh, which is a part of packet of ProCAST software. In Fig. 2 is the final computational mesh of the casting system.
When large ingots are modelled, the mesh size becomes very large with respect to the thermal gradients, especially in the early stages of cooling. In order to have appropriate answers (i.e. more accurate temperatures), it is advised to generate a few layers (of a few mm in thickness) inside the ingot, as well as inside the mould [17] . 
Parameters of calculation
Determination of some boundary, operating and initial conditions is usually not relatively difficult. In our case, the modelled area was clearly defined by the geometry of the casting system of the 90-ton ingot [13] .
The casting temperature of the steel was defined according to real casting conditions of the experimentally cast ingot in VHM.
The character of the filling was necessary to simplifythe EAF capacity in VHM is 70 tons so the larger ingots are cumulated from two or three heats. But during the numerical simulation, the filling was simulated in one step (without interruption during the changing of the ladles).
The properties of refractory materials were determined as indicated in the data sheets provided by the manufacturer.
The quality of the results of the numerical simulation of the volume defects in ingots, especially macrosegregation of elements, is mainly determined by the quality of the thermodynamic properties of steel and of mould material, respectively by the applied conditions of heat transfer among the individual parts of the casting system and by the definition method of the heat losses. And here is where the first difficulties can be encountered.
First, the grade of the steel or the material of the mould may not be included in the basic material database of the ProCAST software. To solve this issue the CompuTherm above-standard module needs to be used. Based on the definition of chemical composition of the steel, the thermodynamic database CompuTherm allows the user to calculate thermodynamic parameters for any new material, or to follow the changes of the thermo-physical data relating to changes of chemical composition [17] . Another way is to use the experimental method of thermal analysis [18, 19] , or it is also possible to use information from literature. [14] Also, the definition of the heat transfer coefficients among the individual components of the casting system is not simple. The constant values in the range of 100 to 1,000 Wm
are usually given in literature. To be sure that the heat transfer conditions are set correctly, the thermography measurement of the temperature fields and heat flux of the individual parts of the casting system during the experimental casting of the 90-ton ingot was ensured. According to the results of thermography measurements it was necessary to adjust the heat transfer coefficients among the individual parts of the casting system depending on time, as was published in [14] . The comparison of the evolution of the temperature on the mould surface before and after adjustment of the coefficients of heat transfer with the thermography measurement in the moment after filling is in Fig. 3 .
Processing
Large ingot filling and solidification needs some special treatment. The parameters of calculation are set in RUN PARAMETRS. The calculation of the filling and solidification of steel ingots by the method of finite elements can be made separately -it is good not to include the mentioned steps in one simulation.
The first reason is the possibility of visualization of results from filling and from solidification individually. The second cause is due to the fact that the filling times are usually very long on one side, and other side, rather high velocities are leading to quite small time steps. As a result, the computing times are often quite long [16] .
Sometimes, the user may not be interested in the filling of the last percents (e.g. the end of the filling of a head). This setting can also lead to shorter computational time. Therefore, during the simulations, the effect of the one time step of the filling of the head of the casting system with the remaining 10% of the steel on the final surface temperature of the mould was tested. This time step is defined using the run parameters ENDFILL. This means, if the ENDFILL=0.90, once 90% will be reached, the remaining 10% of the steel will be filled in one time step [17] . Fig. 4 shows the character of the mould filling with the steel and the final filling time in seconds. A real time of the filling during the experimental casting of 90-ton ingot was 56 minutes [1] . Fig. 4 . a) Character of the filling corresponding to the real casting conditions of 90-ton ingot b) character of the filling using run parameters ENDFILL=0.90 [1] The computational time of our one variant was around 96 hours using dual processor cores. However, to the time of your own computation it is necessary to add a preparation of the simulation and evaluation of achieved results. The computational time is also influenced by the step numbers of the data save. The calculation with macro-segregation in the phase of solidification was/is much longer -the computation time of 3D mesh was around 170 hours.
The computation of macrosegregation is possible due to the MACRO module -in RUN PARAMETRS it is necessary to activate using value "1". The MACRO module is integrated with thermodynamic parameters of cast materials, such as liquidus temperature and solidus temperature. The liquid species conservation is governed by the equation [20] : 
where c is concentration, m is species, l = f s d 2 /6 is diffusion length, S = 2 / d 2 is interfacial area concentration, d 2 is secondary dendrite arm space, sl is solid and liquid interface and D is diffusivity. Obviously, the macrosegregation is influenced by the natural convection during solidification -therefore it is recommended to also activate the FLOW module. The temperature dependence of density for liquid metals is linear:
where ρ m re f reference density
The liquid density is calculated by equation (4):
where c m l liquid concentration.
Postprocessing
Because the simulation of the filling and solidification of the ingot was done separately in two steps, the simulation results can also be divided into the results obtained from the calculation of filling and results obtained by the calculation of solidification.
The numerical results of macro segregation of elements, especially such as carbon, sulphur, manganese, copper, nickel, and phosphorous were compared with the chemical analysis of elements from the half cross section of real ingot. Chemical composition was analysed along the height of the real axis of the ingot and then in the next four straight lines that were parallel to the axis. The distance of these parallel lines were 200, 450, 650 and 850 mm. The analysed places are shown in Fig. 5 [21] .
The standard method used in metallurgical analyticsanalyses using optical emission spectrometers -was not applicable due to the large number of required analyses. Thus, the mobile optical spectrometer SPECTROTEST was used for analysis of Mn, Si, Cu and Ni content. Its great advantage was that the analysis could be carried out directly on the ingot without sampling.
Due to the low content of sulphur it was evident from the very beginning that there is no other alternative than to use the laboratory analysis of a combustion analyser, with the lowest possible detection limit and the greatest accuracy. A sample of chips weighing from 0.5 to 2.0 g was need for this method. Thus the surface of ingot cross-section was drilled and chips were analysed on an automatic analyser LECO CS-600. Sulphur and carbon were analysed on this unit. Phosphorus content was also determined on samples taken from the chips. A larger sample weight of chips was needed for this analysis, at least 2 grams [21] . The results of the simulations were processed in postprocessor Visual Viewer. The change of chemical composition along the height of the central axis of the ingot was found using a plot of the evolution of the element content in time or the plot of the profiles. The final content of the elements were taken approximately 20 hours after the end of the filling -the whole volume of the ingot body was solid.
Discussion of results
Before comparison of experimental and numerical results of macrosegregation, it was necessary to consider these differences:
• As was mentioned above, the EAF capacity in VHM is approximately 70 tons, so the experimental ingot was cumulated from two heats. Each of these two heats had intentionally different content of copper and nickel in order to determine mixing of these two heats in the solidified ingot. Content of the other elements was targeted at the same level. In numerical modelling it was not possible to simulate the change in chemical composition; therefore the constant contents of the elements during whole simulation of filling were used.
• If we compute macro segregation, it is necessary to consider these limitations: -no solid movement, -no grain sedimentation -fully equixed dendrites, no columnar dendrites.
• Because we computed the production process of ingot in two steps, the initial conditions in the setting of macrosegregation simulation during solidification were extracted from the phase of the filling. But during the filling, the thin solid crust on the interface of mould and ingot was created. Therefore, in this thin solid crust, the macrosegregation was not possible to compute -in Fig.6 with examples of profiles of carbon macrosegregation, seen as a thin, violet edge with the lowest concentration of the valuated content of the element. During the numerical simulation of macrosegregation, two types of chemical composition were tested. In the first simulation (NM1), the complex chemical composition was defined according to the standard. In the next simulation (NM2), the composition was limited on the most important elements, such as C, Mn, Si, Cu, Ni, P and S. In Table 1 the chemical composition of two heats and the chemical compositions used in numerical modelling are compared.
In Fig. 7 the macrosegregation of carbon (a), sulphur (b), copper (c) and nickel (d) along the height of the central axis of the ingot from the simulation with complex chemical composition (NM1) is compared. In the case of carbon and sulphur a very good compliance with the experimental data was achieved. But in the cases of copper, nickel phosphorus, manganese or silicon, there was not such a good evolution trend in the macro segregation of these elements. Therefore, the chemical composition was changed on the NM2. Also, the ambient temperature was adjusted. The simulation runs on four processors for approximately 150 hours. In Fig. 8 a comparison of the macrosegregation of Cu and Ni after adjustment of the chemical composition is shown. As can be seen, the trend of the evolution in macrosegregation in the central axis of the ingot body led to more appropriate results. The similar better results were also achieved for manganese, phosphorus and silicon. On the other hand, the content of the carbon and sulphur was in the central axis is more than once higher than in the previous case. The aim of the simulations is to optimize the conditions of casting and solidification of heavy forging ingots with an emphasis on minimizing the macrosegregations.
In order for the default version of the numerical model of filling and solidification of the steel ingot to correspond with the real solidification conditions as accurately as possible, it was found that:
• It is good to verify the temperature on the surface of the mould using the thermography measurement during parallel experimental casting of the real steel ingot and to use the experimental results of heat transfer coefficients for adjustment of the interface among the components of the casting system in the numerical model, • Especially for the simulation of macro segregation depending on boundary condition (such as casting speed, casting temperature and so on), it is also necessary to verify the width of the two-phase zone of the steel (that means the temperature of liquidus and solidus), which specifies the predisposition to the origination of segregations and influences the homogeneity of ingot.
• The numerical results of macrosegregation showed that final evolution of the element depends on the character of the heat transfer, chemical composition vs. thermodynamic parameters, and also on the computational mesh density. For this reason, additional attention of the research will be focused on the verification of the mesh quality and on the simulation of the filling and solidification in one step.
